Human tissues are sophisticated ensembles of many distinct cell types embedded in the complex, but well-defined, structures of the extracellular matrix (ECM). Dynamic biochemical, physicochemical, and mechano-structural changes in the ECM define and regulate tissue-specific cell behaviors. To recapitulate this complex environment in vitro, dynamic polymer-based biomaterials have emerged as powerful tools to probe and direct active changes in cell function. The rapid evolution of polymerization chemistries, structural modulation, and processing technologies, as well as the incorporation of stimuli-responsiveness, now permit synthetic microenvironments to capture much of the dynamic complexity of native tissue. These platforms are comprised not only of natural polymers chemically and molecularly similar to ECM, but those fully synthetic in origin. Here, we review recent in vitro efforts to mimic the dynamic microenvironment comprising native tissue ECM from the viewpoint of material design. We also discuss how these dynamic polymer-based biomaterials are being used in fundamental cell mechanobiology studies, as well as toward efforts in tissue engineering and regenerative medicine.
Introduction
The cellular microenvironment regulates many important biological functions, including adhesion, growth, migration, and differentiation [1, 2] . In addition to the biochemical properties of the extracellular matrix (ECM), mechano-structural cues such as elasticity and topography are of great importance in microenvironmental-based governance of cell function [3, 4] . Growing evidence suggests that mechano-structural cues differentially modulate cell fate in a hierarchical response [5] [6] [7] [8] . Efforts to elucidate the effects have primarily centered on static systems where the biochemical and biophysical properties of matrices remain constant over time. Studies focused on the effect of static topography and elasticity of the ECM in artificial materials have enabled the advanced interrogation of cellular mechanotransduction responses to these cues [9] [10] [11] [12] [13] [14] . Biochemical cues also play a crucial role in directing cellular function and fate, and the relationship between their 'static' effect and cellular responses has been addressed by material-based and molecular biology approaches [15, 16] . However, we know that cellular microenvironments in vivo gradually change their physicochemical properties, as evidenced in cardiomyopathies and in cancer progression [17] [18] [19] . This dynamic nature, in turn, is closely related to tissue/organ development, regeneration, wound healing, and disease progression over time [20] . Therefore, in vitro platforms that recapitulate dynamic in vivo signaling may provide for an enhanced understanding of fundamental biological processes, and could lead to eventual advances in tissue engineering and regenerative medicine.
Recently, the scientific community has attempted to mimic dynamic ECM signaling through the development of cell culture platforms with tunable properties. Within this context 'stimuli-responsive' or 'smart' materials and systems represent useful tools for mechanobiology studies [21, 22] . These material systems can change their properties on demand in response to user-defined triggers (e.g., pH, temperature, light). As we will discuss in further detail, recent examples of dynamic cell culture platforms involve tunable surface properties such as elasticity and topography, spatiotemporal presentation and removal of biochemical signals, and applied force loading against cultured cells. Inspired by dynamic, tissue-dependent microenvironments in vivo, the use of dynamic cell culture platforms to create sophisticated matrices in vitro has been attractive to engineers and biologists in the fields of classic cell biology, tissue engineering, and regenerative medicine.
Although excellent reviews of stimuli-responsive polymers and their biomedical and tissue engineering applications have been published [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , few comprehensive reviews summarize how stimuli-responsive polymers and systems enable newfound mechanobiological studies as well as the development of artificial matrices that better mimic the dynamic biophysical aspects of native tissue [21, 22] . In this review, we focus on recent efforts to construct synthetic cell culture microenvironments, discussing the dependence of cell-specific function on individual environmental cues. First, we briefly review dynamic aspects of the human body, motivating the rational designs of in vitro cell culture platforms. We then review different stimuli-responsive polymeric substrates that have been recently developed for dynamic cell-matrix mechanobiology. Lastly, we describe the design of artificial matrices offering four-dimensional (4D) control of material properties and highlight future trends in the field.
The dynamic in vivo cellular microenvironment
The human body represents a complex collection of dynamic environments where biochemical, physicochemical, and mechano-structural interactions serve to regulate cell behavior and fate [17] . In addition to these environmental cues, various types of regulatory mechanical stimuli exist within the human body (Fig. 1A) . Cells are constantly subjected to shear flow, stretching, cyclic strain, and generated tensions, where stimuli magnitude is highly dependent on the tissue itself. These tissue-dependent mechanical stimuli ultimately dictate cellular function and fate [36] . Mechanobiology is an emerging field of science interfacing engineering and biology. Understanding mechanotransduction, or how cells of various tissues sense, recognize, and respond to mechanical stimuli, is a major challenge that has become increasingly important in mechanobiology. Here, mechanical stimuli are not limited to externally-imposed forces, such as fluidic shear stress, but also include the intrinsic tensions generated by active cell contraction that occur in the absence of external forces. Thus, the mechanotransduction process can be described as a simple model where mechanical input influences cells' intrinsic mechanical properties which is then transduced into specific cellular outputs (Fig. 1B) . Furthermore, the biological output can change the cellular microenvironment, altering the initial mechanical input. In other words, the mechanotransduction process is equipped with a feedback system, which generates a highly complex and dynamic mechanical environment that mechanobiological studies have until recently largely ignored.
On the other hand, all cell types are in contact with their ECM, a complex and dynamic network of macromolecules with different physicochemical natures. By modulating the production, degradation, and remodeling of its components, the ECM can support organ development, function and repairing [17, 37, 38] . Williams et al. recently reported that the ECM is gradually altered during heart development and demonstrated its importance in cardiac regeneration [39] . They determined ECM composition at different developmental ages -fetal, neonatal and adult -by liquid [39] . (B) Schematic illustrating the remodeling of mammary epithelial cells (MECs) in 3D assays in vitro as a function of stiffness. MECs form organized and polarized acini structures when grown in reconstituted basement membrane in vitro. A transformation event and increasing matrix stiffness results in cell invasion into the lumen [42] . (C) Liver stiffness as a function of fibrosis in patients being evaluated for chronic liver disease. Data were obtained using magnetic resonance elastography [47] . chromatography tandem mass spectrometry (LC-MS/MS), and found that the most abundant ECM protein in fetal and neonatal hearts is fibronectin, whereas the adult ECM is mostly composed of collagen I ( Fig. 2A) . It is well-known that cardiomyocyte proliferation declines with age [40, 41] ; therefore, these findings strongly suggest that observed variations in cardiomyocyte proliferation are a function of dynamic changes in cardiac ECM composition, and may provide a rationale for engineering cardiomyocyte culture platforms. Dynamic changes in ECM structure and mechanical properties have also been implicated with the tumorigenesis process [42] . When mammary epithelial cells (MECs) are grown in Matrigel ® , a gelatinous protein mixture secreted by the Engelbreth-Holm-Swarm (EHS) mouse sarcoma cell, they form organized and polarized mammary acini structures. By inducing a transformation event, cells can be triggered to invade the acini lumen and serve as a unique model of tumorigenesis [43] . In this model, transformation can be induced by increasing matrix stiffness alone and without altering biochemical composition (Fig. 2B) . Here, dynamic alteration in matrix mechanical properties in the form of increased stiffness led to increased cellular growth, loss of polarity, and increased focal adhesion contacts, attributes that are closely related to a malignant phenotype [44] .
In addition to tumorigenesis in epithelial cells, other diseases are also accompanied with dynamic changes in their cellular microenvironments. For example, liver fibrosis is the excessive accumulation of ECM proteins, including collagen, that occurs in most types of chronic liver diseases [45] . Palmeri and Nightingale observed a significant relationship between liver stiffness and hepatic fibrosis stages [46] . A noninvasive evaluation of hepatic fibrosis using acoustic radiation force-based elasticity measurements in patients with nonalcoholic fatty liver disease was conducted, revealing increased variability in liver stiffness with increased fibrosis. Similar observation was characterized by magnetic resonance-based elastrography (Fig. 2C ) [47] . Stiffer, more advanced liver fibrosis results in cirrhosis, liver failure, and portal hypertension, and often requires liver transplantation.
These are just a few examples of dynamic cellular microenvironments inside our body, but many other examples undoubtedly exist [17] [18] [19] . The instructive cues of the ECM and its surroundings are the result of a number of different biochemical, physicochemical, and mechano-structural characteristics. In addition, all of these aspects are dynamically orchestrated in vivo to maintain an extracellular environment that is optimal for cellular homeostasis and dictates cellular function and fate. Further in vivo studies will not only deepen our understanding of dynamic mechanobiology, but also provide new rationale and design criteria for the fabrication of more sophisticated artificial matrices.
Dynamic polymeric biomaterial platforms for in vitro culture
Although dynamic variations in the cellular microenvironment are common in vivo, establishing an understanding of the biological mechanisms that links these changes to alterations in native cell functions has been difficult. To better understand dynamic mechanobiology, the recent development of artificial matrices engineered in vitro, together with the application of in vivo studies, has proven critical to better understand basic cell physiology in the context of dynamic microenvironmental change. Certain synthetic materials that are capable of responding to external or internal stimuli represent one of the most exciting emergent areas of scientific interest [29] . We call this class of materials 'stimuli-responsive' or 'smart' materials, where some form of energetic input into a system induces changes in the system's physicochemical properties, and some of those that are especially polymeric materials have contributed to the fields of tissue engineering and mechanobiology (Table 1) . Various external stimuli such as heat, light, electrical fields, magnetic fields, mechanical force, active molecules, and environmental pH have been utilized thus far (Fig. 3A) . Importantly, these external stimuli are used as extremely mild, noninvasive triggers for cells and tissues in optimized conditions. In addition, stimuli-responsive materials can be engineered in various forms including functionalized surfaces, thin films, and 3D gels, which are useful as cellular supports [48] . Therefore, stimuli-responsive materials are powerful tools when designing the substrates of cell culture platforms. These materials can impart various dynamic biochemical, physicochemical, and mechano-structural cues to adhered cells, enabling researchers to assay specific biological outputs for well-defined inputs (Fig. 3B) .
In this review, we classify current dynamic cell culture platforms into two different categories which vary by the given property that is dynamically controlled: (1) physicochemical and biochemical cues and (2) mechanostructural cues. Based on these categories, we will address the design criteria of their corresponding materials and systems, as well as how time-dependent dynamic changes in cell-material interactions influence cellular behavior, function, and fate.
Dynamic physicochemical and biochemical cues

Temperature-responsive polymers
Cells in our body interact not only with biochemical signals presented by their surroundings, but also physicochemically with the ECM or adjacent cells through various receptor-ligand interactions [49] [50] [51] . Adhesion provides physical support for the cells, regulates cell positioning, and enables microenvironmental sensing. It plays an important role in various physiological processes such as migration, proliferation, differentiation, and death. Therefore, technologies based on dynamic surface properties that exercise spatiotemporal control over cell adhesion, detachment, and migration are desirable for further development of mechanobiology.
In one foundational approach in the 1990s, Yamada et al. proposed a novel detachment technique for actively adhered cells using poly(N-isopropylacrylamide) (PNIPAAm)-grafted tissue culture polystyrene (TCPS) dishes [52] . They demonstrated that many attachmentdependent cell types that adhered to TCPS modified with a nanometer-thick PNIPAAm-grafted layer at 37 • C can spontaneously detach from the surface simply by lowering the temperature below PNIPAAm's lower critical solution temperature (LCST) of 32 • C (Fig. 4A ). This cellular detachment from the PNIPAAm layer relies on dynamic changes in surface hydrophilicity/hydrophobicity, or energy for polymeric conformational changes, in response to temperature variation, which in turn disrupts cell-substrate interactions [53] . The dynamic modulation of cell adhesion-detachment on surfaces grafted with thermoresponsive PNIPAAm chains was a novel concept because enzymes and chelators were not required to actively detach the adhered cells. The most striking feature of this system is that it allows for the preservation of intact membranes and cell-cell adhesions in that only the interactions between the adhesive proteins on the basal side of cultured cells and grafted PNIPAAm on the surfaces are disrupted. Kushida et al. harvested confluent cultured By modulating chemical, physicochemical and mechano-structural properties, dynamic cell culture platforms can be generated using these materials. (B) Schematic illustration of dynamic cell culture platforms with: tunable matrix stiffness, variable caging-mediated ligand presentation, cleavage-or desorption-mediated ligand presentation, and applicable forces or switchable topography [22] .
Fig. 4.
Temperature-responsive on-off control of surface physicochemical properties. (A) Cell sheet engineering technology utilizing temperatureresponsive PNIPAAm-based substrates. This system allows for temperature controlled cell adhesion-detachment that maintains cell-cell connections and deposited ECM [53] . (B) A temperature-responsive nanofabricated substratum (TNFS) approach combining cell sheet engineering and nanotopographical cues for engineering 3D tissues with oriented layer-by-layer structure. Stacked nanopatterned myoblast sheets maintain individual layer alignment and demonstrate precise control in 3D [59] . (C) Schematic views of cell adhesive peptide-bearing PNIPAAm-based surfaces showing temperature-induced on-off ligand display and control of integrin-peptide binding [67, 68] . cells as a contiguous cell sheet from the thermoresponsive surfaces while maintaining cell-cell junctions and basal ECMs [54] . Since the adhesive proteins derived from the cells were also harvested at the same time (Fig. 4A) , the cell sheets could readily adhere to other surfaces including culture dishes, other cell sheets, and host tissues. This technology is now widely recognized as cell sheet engineering, an area of nanotechnology dedicated to the reconstruction of scaffold-free tissue with potential clinical applications in regenerative medicine. Combining cell-patterning techniques with PNIPAAmgrafted surfaces provides a tool for the construction and recovery of functional, tissue-mimicking cell sheet materials for clinical applications. A patterning strategy for grafting polymer and substrate surfaces is required to fabricate in vivo tissue-like cell structures. Idota et al. reported a simple approach for creating dynamic cell culture substrates with adhesive nanopatterns: the direct electron beam lithographic graft-polymerization method [55] . They successfully fabricated PNIPAAm patterns on cell-repellent polyacrylamide (PAAm)-modified surfaces. Their micro-and nano-textured substrates with stripe (3 m and 200 nm, groove:ridge = 1:1) patterns resulted in the alignment and elongation along the major axes of the patterns of both bovine aortic endothelial cells (BAECs) and mouse fibroblasts (NIH 3T3) that had been cultured on the surfaces. The aligned confluent cells were recovered as a cell sheet by reducing the temperature from 37 • C to 25 • C. The cell sheets strongly contracted along the pattern axes, resulting in anisotropic shrinkage and folding. This technique would be useful for constructing muscle cell sheets with efficient shrinkage/relaxation in a given direction, or for the generation of spheroidal 3D cell structures. In a similar approach, Yamashita et al. demonstrated a noninvasive harvest system for living cell clusters cultured in microchannels by combining PNIPAA surface and micro-electromechanical systems (MEMS) technologies [56] . They designed and prepared octadecyltrimethoxysilane (ODTMS)-and PNIPAAm-modified separable microchips, then cultured human arterial endothelial cells (HAECs) on the resulting microchannels. After 96 h of cell cultivation, the HAECs were detached from the microchips by temperature reduction and recovered from the microchannels. Intact and viable HAEC sheets formed in this manner could then be cultured on conventional cell culture dishes. This technique may not only be useful for the culture and harvesting of structurally-organized micro-scale tissues, but also for studying the combined effect of geometries and switchable properties of surfaces.
One large, vital challenge encountered in the field of tissue engineering is the replication of complex threedimensional (3D) structures. The ability to do so is crucial given the huge variety of these structures and the critical role they play in regulating tissue function [57, 58] . Jiao et al. recently developed a simple, versatile platform with a thermoresponsive nanofabricated substratum (TNFS) that incorporates nanotopographic cues for aligning seeded cells with a gel casting method in order to stack and transfer aligned cell sheets for the fabrication of scaffoldfree and structurally organized 3D tissues [59] . The TNFS was fabricated through capillary force lithography-based nanopatterning, followed by PNIPAAm surface modification using epoxy-amine chemistry (Fig. 4B ). This approach enabled the temperature-induced release of the cellular sheets while preserving organizational fidelity. In fact, it was also demonstrated that the platform allowed for the stacking of aligned sheets at specific angles between the layers, potentially enabling the reproducible and robust fabrication of scaffold-free 3D tissues with controllable architecture (i.e., nanoscale control of cell and tissue structure). Importantly, these multilayered tissues retained specific layer organization and integrity in that individual sheets retained their specific alignment and their cells did not mix or migrate between layers. This differs significantly from previous reports of the 3D organization of anisotropic cell sheets using PNIPAAm-based approaches, which often observed a vertical migration within multilayered cell sheets [60] [61] [62] .
From a molecular design perspective, the introduction of functional groups or biomolecules onto grafted PNIPAAm chains is effective for controlling cell surface adhesion since PNIPAAm itself does not contain any functional groups. To address this issue, Aoyagi et al. successfully synthesized 2-carboxyisopropylacrylamide (CIPAAm) as a novel NIPAAm-based functional monomer which was then linked to a functional carboxyl group, which is useful for bioconjugation [63] . Importantly, the PNIPAAm's thermoresponsive property was maintained after copolymerization with CIPAAm. They then applied this polymer system as a switchable cell culture substrate. Cell adhesion/detachment was achieved on both P(NIPAAmco-CIPAAm)-grafted surfaces as well as PNIPAAm surfaces through temperature change [64] . The grafted surfaces allowed for an accelerated rate of BAEC detachment compared to that of conventional PNIPAAm homopolymer surfaces. In this case, the addition of ionized carboxyl groups led to accelerated hydration of the polymer-grafted layer, inducing a rapid swelling and subsequent lifting of the cells from the surface. In addition, carboxyl groups in P(NIPAAm-co-CIPAAm)-grafted surfaces were available for bioconjugation with various bioactive peptides and proteins. The researchers also immobilized a cell-adhesive Arg-Gly-Asp-Ser (RGDS) peptide on grafted P(NIPAAm-coCIPAAm) via a condensation reaction between an amino terminal in RGDS and a carboxyl group in the copolymer chain [65, 66] . These surfaces even facilitated the adhesion and spreading of both BAECs and human umbilical vein endothelial cells (HUVECs) in non-serum conditions depending on RGDS surface content at 37 • C, above the LCST of the copolymer. Alternately, BAECs and HUVECs detached from the surfaces by reducing the temperature below the polymer LCST, where detachment behavior also depended on the immobilized RGDS content.
To further manipulate the affinity between copolymergrafted surfaces and the cells, Ebara et al. modulated the access of cell integrins to RGDS by tethering a poly(ethylene glycol) (PEG) chain as a spacer [67] . The synergistic effects on cell adhesion of a Pro-His-Ser-Arg-Asn (PHSRN) sequence derived from RGDS using a hexamer glycine (G 6 ) linker were investigated by changing the distance between the peptide and the grafted polymer (Fig. 4C ) [68] . It was found that the peptide-bearing copolymer distance significantly affected the release time of cells from the surfaces when the temperature was lowered. Specifically, initial cell adhesion was enhanced on PHSRN-G 6 -RGDS-immobilized surfaces because the synergistic PHSRN was located ca. 3.5 nm away from the RGD loop, corresponding to the chain length of the G 6 linker. Importantly, this series of works support the conclusion that a PNIPAAm-based cell culture platform does not just serve as an 'on-off' regulator for cellular detachment, but may be useful as a more precise 'on-off' display of the surface ligands available for cellular attachment.
The introduction of functional biological ligands is not limited to only cell-adhesive peptides and proteins [65] [66] [67] [68] [69] [70] . Functionalization with sugar molecules is also applicable, as these ligands are fascinating candidates for manipulating the interaction between material surfaces and cells. Along these lines, Idota et al. developed smart copolymer brushes that are comprised of NIPAAm and 2-lactobionamidoethyl methacrylate (LAMA), which has a galactose residue that binds specifically to the asialoglycoprotein receptors of hepatocytes, and regulates hepatocyte-selective adhesion through temperature alterations [71] . NIH 3T3 fibroblasts did not adhere to the surface of polymer brushes containing LAMA under serum-free conditions, while the surface promoted human hepatocellular carcinoma cell line (HepG2) adhesion at 37 • C through specific interactions with functional sugar moieties. Moreover, the adhered HepG2 successfully detached from the surface of the PNIPAAm-block-PLAMA brush when the temperature was reduced to 25 • C. On the other hand, almost all cells remained adhered on the surface of P(NIPAAm-co-LAMA) brushes where the sugar moieties were randomly dispersed in a polymer chain as opposed to uniformly configured in a block polymer. Thus, the molecular architecture of grafted smart polymers is also an important factor in modulating surface properties for the manipulation of dynamic cell adhesion and detachment.
Modification of temperature-responsive polymers is not limited to substrate surfaces for manipulating cell-material interactions. Kim et al. expanded the surfacebased, temperature-responsive cell culture platform to a nanofiber web system with dynamically and reversibly tunable scaffold properties based on the temperatureresponsivity of PNIPAAm [72] . To obtain stable nanofibers that actuate in an aqueous environment, UV-reactive benzophenone was introduced to a P(NIPAAm-co-CIPAAm) chain, then photo-crosslinked following nanofiber formation by electrospinning. The resulting nanofiber web was quite stable in an aqueous entity and showed the ability to trigger 'on' or 'off' web properties in response to temperature change. By using this switchability, they were ultimately able to demonstrate the capture, encapsulation, and release of normal human dermal fibroblasts (NHDFs). Since the released NHDFs still showed excellent viability and proliferation behavior following their capture in a nanofiber web, this system is highly promising for biomedical applications such as the separation, purification, preservation, and delivery of cells. To better modulate cell-substrate interactions for further applications in cell sheet engineering, many other functionalization approaches of PNIPAAm-based platforms have been reported, such as co-grafting with polyethylene glycol (PEG) [73] ; the introduction of a polyacrylamide (PAAm) layer [74] ; the introduction of hydrophobic or charged functional groups [75, 76] ; the development of other NIPAAm derivatives with different functionalities [77, 78] ; and so on. Lastly, cell sheet manipulation technology has been developed as discussed above. It is currently possible to create functional, vascularized 3D tissue structures similar to those in vivo [59, [79] [80] [81] . Cell sheet technology derived from the PNIPAAm-based platform not only enables the creation of complex tissue-or organ-like structures but also has regenerative medicine applications for several different tissues [53, 82, 83] . However, further development of novel functionalization methodologies or system designs would certainly contribute to the achievement of highly functional tissue engineering for clinical applications.
Photo-responsive polymers
The external stimuli capable of regulating the 'on-off' feature of surface properties are not limited to temperature alone. Photoirradiation within certain wavelengths is a prominent example for regulating cellular phenomena because of its unique spatial and temporal controllability. The photochemical reactions that are often used to induce switching in surface physicochemical properties involve two different mechanisms: irreversible photocleavage and reversible photoisomerization. Regarding photocleavage reactions, nitrobenzyl ester derivatives are the most commonly used photocleavable protecting groups. They are especially utilized in organic synthesis, which can efficiently undergo photolysis with an irradiation of near-UV light (∼350 nm) [84, 85] . This photocleavable functionality is often applied in phototunable cell culture platforms and allows for the spatiotemporal regulation of cell-surface interactions. Nakanishi et al. developed an example of this methodology in which they prepared a surface modified with an alkylsiloxane having a photocleavable 2-nitrobenzyl functional group that changes hydrophobicity in response to UV light ( = 365 nm) (Fig. 5A ) [86] . After a bovine serum albumin (BSA) blocking layer was adsorbed on the surface, specific regions were carboxylate-functionalized by illumination with UV light. The carboxylate-functionalized surface that resulted after UV-irradiation was then coated with fibronectin, whereupon the selective adhesion of human embryonic kidney 293 (HEK 293) cells onto functionalized regions was successfully demonstrated.
This type of substrate was also utilized for investigating cell migration in a spatiotemporally-defined manner [87] . In this system, the cell adhesion area was defined by using photochemical reaction-driven surface hydrophilization, followed by fibronectin adsorption. At non-irradiated regions, pluronic layers were physically adsorbed to the hydrophobic surface. Thus, 2D spatial control over celladhesive (fibronectin layer) and non-adhesive (pluronic layer) domains was achieved with selective illumination. To create the single-cell migration assay, narrow (5 m) and wide (25 m) cell-adhesive paths were optically patterned adjacent to small (25 m × 25 m) adhesive squares onto which a single NIH 3T3 fibroblast was seeded. Cell behavior was then monitored over the following 6 h, and it was clearly revealed that the nature of the formed filopodia was determined by the size and shape of the adhesive path. In addition, switchable substrates can be used for the analysis of not only single-cell migration, but also collective migration. Rolli et al. reported on the collective migration of Madin-Darby canine kidney (MDCK) cells from precisely-controlled adhesion geometries by combining photoswitchable adhesive substrates with photomasks [88] . After seeding cells onto initiallydefined areas, the entire substrate was then flood-exposed to UV light, thereby allowing for uninhibited cell movement. Interestingly, it was shown that not only did leader cell appearance and overall migration symmetry depend on the initial size of the cell clusters, but geometry also played a significant role in this process. Recently, Shimizu et al. developed a photoswitchable nanopatterned substrate with tunable cell-ECM ligand interactions [89] . This nanopatterned substrate, onto which gold nanoparticles were arrayed in a regular manner with defined nanometer spacing, was prepared by a block copolymer micelle nanolithography technique. Photocleavable PEG as a shielding layer and cyclic RGD peptides as ECM ligands were immobilized on the surface of the gold nanoparticles. It was observed that there was a loss of collective migration characteristics in HeLa cells cultured on the functionalized nanoparticles, indicating that the degree of interaction between the cells and ECM ligands may play a role in cellular collectivity. The series of studies presented here suggest that the utilization of photocleavable groups offer excellent control over 'on-off' cell adhesion and have great potential in the spatiotemporal regulation of cellular behaviors, such as single cell-or collective migration. [87] . (B) Redox switchable surface for controlling peptide architecture from cyclic to linear RGD conformation. Cyclic RGD can be linearized by application of mild reduction potential (V = −250 mV) at physiological conditions. Switchable control of RGDF peptide structure is utilized to investigate fibroblast adhesion and migration behaviors [102] . (C) Enzyme responsive switchable surface for controlling cell adhesive ligand display. Bulky Fmoc groups sterically prevent cells from recognizing RGD ligands coupled to the PEG monolayer. After enzymatic degradation and release of Fmoc groups, cells are able to recognize and bind to the exposed RGD moieties [116] . (D) Cyto-mechanoresponsive switchable surface for controlling cell adhesive ligand display permits RGD ligands to be exposed from inside a polyelectrolyte multilayer upon applied stretching. Fibroblasts dramatically adhered and proliferated on this surface in its stretched state [128] .
Photoisomerization, on the other hand, is a molecular behavior in which structural changes between isomers are caused by photoexcitation. Photoisomerization reactions are used in various applications including actuators [90, 91] , variable surface wettability [92] and motional regulation of macroscopic objects such as water [93] . Applying photoisomerization reactions to surface construction creates a powerful cell culture platform. Spiropyrans are wellknown photochromic compounds that undergo reversible structural isomerization between a colorless, nonionic structure (closed-ring form) and a colored, zwitterionic structure (open-ring form) via UV irradiation and vice versa via visible light irradiation or heat. This photoisomerization process has been utilized to produce switchable surfaces with photo-tunable cell adhesion. For example, Edahiro et al. synthesized temperature-responsive PNIPAAm by using photo-responsive spiropyran chromophores as side chains [94] . Regions of the culture substrate subjected to UV irradiation saw a significant increase in Chinese hamster ovary (CHO)-K1 cell attachment, which was suggested to be a result of an attractive interaction between the cell and the zwitterionic spiropyran in the polymer chain. As similarly observed in PNIPAAm homopolymer systems, robust cell detachment occurred in the non-irradiated regions upon exposure to low temperatures and washing. Furthermore, complex micropatterns of cell clusters could be generated using this technique in conjunction with a photomask. In light of this demonstration of the reversibility and local control of cell attachment and detachment, a polymer substrate combined with thermo-responsive properties and photoisomerization may be a powerful tool in the field of cell manipulation technology.
In an alternative approach, it is well-known that azobenzene isomerizes from the trans to cis conformation under UV irradiation (340-380 nm) and vice versa (cis to trans conformation) under visible light irradiation (450-490 nm). Auernheimer et al. reported on the possibility of switching cell adhesion properties by changing the distance and orientation of RGD peptide moieties that are presented on the culture substrate [95] . In their study, a set of cyclic RGD peptides containing a photoswitchable 4-[(4-aminiphenyl)azo]benzocarbonyl unit was synthesized, and poly(methyl methacrylate) (PMMA) surfaces were subsequently modified with these peptides. It was found that when these peptides were in their trans conformation, they enhanced mouse osteoblast (MC3T3 E1) adhesion on PMMA disks, whereas adhesion efficiency decreased with UV irradiation at 366 nm and the subsequent conformational change of the peptide. In a similar approach, Liu et al. utilized a self-assembled monolayer (SAM) comprised of alkanethiols containing an azobenzene unit terminated with RGD mixed with other alkanethiols that terminated in a hexa(ethyleneglycol) non-adhesive functional group [96] . The azobenzene component could be photochemically transformed between the trans and cis configurations to either present or shield the RGD peptide, respectively, thereby modulating biospecific cell adhesion to the SAM. Following this principle, the mixed SAM surface allowed for reversible control of NIH 3T3 fibroblast adhesion through changes in azobenzene configurations in response to photoirradiation. Broadly, these techniques make it possible to dynamically modulate patterns of cell adhesion and, in doing so, further investigate various cell behaviors, such as adhesion, proliferation, and migration.
Electrochemical-responsive polymers
As an alternative to photochemical reactions, electrochemical trigger systems that include the assembly of SAMs and polymers on electrodes have also been used as substrates for a dynamic cell culture platform. In an electrochemically-tunable SAM system, pioneering work was conducted wherein electroactive substrates directly enabled ligand switch activities in response to electrical potential for the dynamic regulation of adhesion and migration [97] [98] [99] [100] . They designed a SAM that incorporates an O-silyl hydroquinone moiety in order to present a cell-adhesive RGD peptide [101] . This dynamic substrate involving circular patterns 220 m in diameter of non-electroactive SAMs allowed for the selective release of Swiss 3T3 fibroblasts through the application of electrical potentials. Because the O-silyl hydroquinone ether is electroactive, electrochemical oxidation via an applied electrical potential to the substrate causes the selective release of the RGD peptide. The RGD peptide was subsequently reattached to the oxidized quinone through a Diels-Alder reaction that enables switching back to a celladhesive substrate. Later, Lamb and Yousaf developed a novel strategy for switching an immobilized molecular structure on the substrate surface based on the two sequential, orthogonal click reactions of Huisgen cycloaddition and benzoquinone-oxime chemistry (Fig. 5B) [102] . In this system, the oxime linkage played the role of a redox-active site, switching the activity of the RGD peptide presented to the cell from cyclic to linear by changing the peptide conformation in situ. Thus, the switchable surface could modulate various cell behaviors dynamically, including cell adhesion morphology and migration rate. They also prepared electroactive gradient surfaces for spatial and temporal control of mammalian cell behavior [103] . This system combined electroactive and photochemical strategies with chemo-selectively immobilized RGDS ligands in patterns and gradients. They used an inert SAM surface presenting photo-protected and electroactive molecules that could be activated in the presence of cells for directed tissue migration. They successfully demonstrated the controlled morphing of cells from one pattern to another on this dynamic gradient substrate. This electrochemically switchable surface could be used as a model substrate to monitor a range of cellular behaviors, including adhesion, migration and polarization, as well as serve as a tumor invasion model system.
In another electrochemical control approach, Kakegawa et al. developed an electrochemically detachable, biocompatible, and oligopeptide-modified cell culture surface [104] . They used gold-thiolate bonds to form a SAM on gold electrodes, as this type of bond can be reductively cleaved through the application of a negative electrical potential. Cell-repulsive CGGGKEKEKEK and cell-adhesive CGGGKEKEKEKGRGDSP oligopeptides were designed with a terminal cysteine residue to mediate binding to a gold surface. The SAMs spontaneously formed via gold-thiolate bonds and intermolecular, electrostatic interactions. Swiss 3T3 fibroblasts that had adhered to the surface were completely and rapidly (within 2 min) detached due to desorption of the oligopeptide layer following the application of a negative electrical potential. The results of this electrochemical control system illustrate their potential usefulness for tissue-engineering and regenerative medicine applications.
With regard to electrochemically-tunable polymer systems, Wong et al. utilized an electrically conductive polymer known as polypyrrole as a dynamic cell culture substrate which could reversibly change its surface properties (e.g., charge density and wettability) in response to an applied electrical potential [105] . In vitro studies showed that aortic endothelial cells adhered and spread across fibronectin-coated polypyrrole in an oxidized state. However, cell extension and DNA synthesis were inhibited when an electrical potential was applied. This pioneering research showed that electroconductive polymers are not only capable of operating in biological conditions, but can also provide a noninvasive means to dynamically control the shape and function of adhered cells. Other types of conductive polymers, such as thiophene, have also been used to electrochemically regulate cell adhesion and migration. Thin electrode substrates of poly(3,4-ethylenedioxythiophene) (PEDOT) doped with Tosylate were fabricated through vapor-phase polymerization for the culture of neural stem cells (c17.2) [106] . In this system, the binding affinity of human serum albumin (HSA) varied by the oxidized or reduced state of the substrates, ultimately regulating the adhesion property and density of c17.2 cells. This approach may be useful for the electrical control of stem cell function, since both cell adhesion events and cell density are potent parameters for regulating differentiation. Interestingly, Wan et al. demonstrated the electrical control of cellular patterning using PEDOT doped with Tosylate. They successfully created cellular density gradients of both mouse fibroblasts (3T3-L1) and human breast cancer cells (MDA-MB-21) on a surface that carried a redox gradient [107] . Moreover, they found that it was possible to use this substrate to enhance migration speed and guide the migration direction of cultured BAECs [108] . The active regulation of cell adhesion due to the gradient of adsorbed fibronectin depended upon the oxidized or reduced state of the surface, which could be easily manipulated by applying an electrical potential. This ability to control cell adhesion and migration behavior using external electrical stimuli would be valuable in dynamic cell manipulation. However, two later studies showed that the cell adhesion gradients and migration were actively determined by the redox surface state before cell seeding. Therefore, it is difficult to conclude that the cell culture platform is truly dynamic. Although the number of examples of dynamic, electrochemically-based cell culture platforms are noticeably fewer than that of the SAM-based approaches described above, this remains a crucial area of research for the development of additional in vivo applications, including biocompatible, biodegradable, and implantable soft electronic devices [109] [110] [111] .
Biomolecular-or mechano-responsive polymers
Although the temperature-, photo-, and electrochemical-responsive polymer-based approaches discussed so far are useful for inducing programmable changes in cultured cells, special equipment and devices are often required to apply the necessary external stimuli to the system. Thus, the utility of these systems for in vivo applications can sometimes be limited. On the other hand, there are many biomolecules, including enzymes, that are involved in a variety of metabolic and biological processes in the body. Since biomolecule-based reactions possess high selectivity and efficiency under physiological conditions, they offer great potential in providing alternative external stimuli to induce programmable change. One conventional approach involves enzymatically-or proteolytically-cleavable substrates. Yeo et al. developed SAMs that transduce enzymatic activities into electrical signals [112, 113] . This type of system is noteworthy because the enzymatic reaction of cutinase, a serine esterase, allowed for efficient removal of an acyl group and conversion of the substrate into a redox-active surface. Ultimately, it provided a way to interface cell behavior with electrochemical approaches like those described above. However, the enzymatic degradation that occurred in this system could not be utilized directly for the dynamic regulation of cell behavior. Todd et al. proposed a more straightforward approach to use enzymatic degradation for dynamic regulation [114] . They utilized poly(ethylene glycol) acrylamide (PEGA) gels as a matrix due to its bioinert nature and ability to easily introduce amino groups [115] . Then, in order to build the desired peptide chains, they applied solid phase peptide synthesis in a stepwise manner to couple Fmoc-protected amino acids. Modification of the integrin-binding peptide RGD rendered the system switchable between a non-adhesive state and an adhesive state through the enzymatic cleaving of the Fmoc group by various enzymes, including proteinase, chymotrypsin, and thermolysin. The switchable capacity of this system allowed for comprehensive cell attachment regulation. Furthermore, they found that grafted polymer monolayers or a brush structure provided a well-defined platform compared to gel systems in terms of their surface properties, such as the density of functional groups. They applied this method using a 2D PEG monolayer system, as opposed to a 3D gel substrate (Fig. 5C) [116] . The enzyme-responsive PEG monolayer was formed by coupling the hydroxyl group on PEG chains with epoxy silanes, followed by a stepwise solid phase synthesis. Exposure of the functionalized PEG monolayer to elastase resulted in the activation of cell-binding RGD ligands for primary human osteoblast attachment to the substrate. However, triggering molecules that induce surface property changes are not limited to enzymes alone, and in fact, include other small compounds. For example, boronic acids and their ester derivatives are a class of important molecular-responsive systems that can reversibly interact with diols at a pH value higher than their pK a [117] . This unique interaction is utilized in many biological fields, such as drug delivery [118] [119] [120] and the selective capture and release of biomolecules [121] . More recently, Pan et al. demonstrated reversible control of cell adhesion via multivalent, phenylboronic acid/cis-diol polymeric complex formation [122] . This system was composed of two different polymers: phenylboronic acid (PBA) grafted poly(hydroxyethyl methacrylate) (PHEMA-graft-PBA) immobilized on a glass slide and RGD-modified poly(3-gluconamidopropyl methacrylamide) (RGD-PGAPMA). Bioactive RGD peptides were dynamically introduced to the substrate via reversible, multi-covalent interactions between the PBA/cis-diol of the two different polymers. This unique approach was the first to demonstrate reversible control of cell adhesion through dynamic covalent chemistry [123, 124] , and it was the first example of a dynamic 'on-off' display on a bioactive surface with small, natural biomolecules.
Macroscopic mechanical stimuli have recently attracted much attention because they enable molecular or material manipulation at the nanoscopic and mesoscopic to the macroscopic level [125] [126] [127] . In these systems, macroscopic mechanical forces can be utilized to trigger the switching or modulation of substrate surface chemistries and biochemical signal presentation. In a unique approach, Davila et al. developed a mechano-responsive surface that allowed for cell adhesion in response to mechanical stretching [128] . Their grafted surface was comprised of poly(acrylic acid) (PAAc)-bearing RGD peptides deposited under a cell-repellent PAAc-phosphorylcholine (PC)/poly(allylamine hydrochloride) (PAH) multilayer on a silicone substrate. The cell-adhesive RGD groups could be exposed by stretching the film, and the number of exposed ligands from the multilayer could be regulated by stretching the ratio of the substrate (Fig. 5D) . Furthermore, the density of the adhesion ligands could be gradually changed during cell culture by stretching alone, and there was a clear threshold of stretching ratio (between 1.3 and 1.5), defined as the ratio of length of the substrate after and before stretching, for achieving high cell adherence by mechanically-mediated RGD display. This system shows that macroscopic mechanical stimuli can manipulate nanoscale events of the ligand-receptor interactions between the cells and surface, which are macroscopically observed as the 'on-off' regulation of cell adhesion.
While recent examples of biomolecular-responsive approaches for inducing dynamic changes in physicochemical and biochemical properties are relatively few in number, there are wide variety of biomolecules in living organisms that play extremely important roles in cellular function regulation and homeostatic maintenance. Additionally, the expression, distribution, and concentration of these biomolecules varies depending on not only tissue type, but also on disease state and developmental progression. Therefore, the design of dynamic polymers that can spatiotemporally present tissue-specific biomolecular information would benefit the development of next generation dynamic cell culture platforms. Potentially, this new class of culture platforms would be best suited for researchers in the fields of tissue engineering, regenerative medicine, and developmental biology. On the other hand, current mechano-responsive approaches require relatively large forces or macroscopic mechanical actions to induce material property changes, and this limits the applicability of such techniques. However, the overall concept of mechanical-responsive systems and the utilization of mechanical force are crucial, since many physical forces including shear, tension, and compression are generated in the human body. Therefore, the molecular design of dynamic cell culture platforms will continue to face the challenge of achieving more effective, complex control over cell adhesion properties as their development moves forward.
Dynamic mechano-structural cues
Dynamic biomaterials with variable elasticity
Recent reports have revealed that many types of cells have the capacity to sense and react to mechanical stiffness [10] . For example, stiff gels promote the spreading and scattering of adherent cells, while soft gels promote soft tissue differentiation and tissue-like cell-cell associations [129] . In addition, adherent cells migrate preferentially toward stiffer regions [130] [131] [132] . While many studies have shown that the stiffness of synthetic substrates can influence cell fate, research efforts have mostly centered on static effects. However, newer efforts are focused on designing dynamic cell culture substrates or matrices with tunable properties. To allow for the dynamic control of substrate stiffness, Frey and Wang developed a modulatable hydrogel with UVmediated control of rigidity [133] . The gel was comprised of polyacrylamide (PA) crosslinked with 4-bromomethyl-3-nitrobenzoic acid (BNBA), which contains a nitrobenzyl group that is UV-cleavable. These gels could be softened from 7.2 kPa to 5.5 kPa by UV irradiation, and the spreading of NIH 3T3 fibroblasts was inhibited on softer gels. Interestingly, it was also found that localized softening of the substratum underneath the posterior end of polarized cells caused no apparent effect, which contrasts with the pronounced retraction seen when gel underneath the anterior end was softened. These results potentially shed some light on the asymmetrical sensing capability of many cell types, where rigidity sensing is largely achieved at the frontal region of polarized cells, while mechanosensing is localized to the anterior region. Yang et al. recently investigated whether or not stem cell fate is influenced by culture history -that is, past mechanical memory -using phototunable PEG hydrogels with initially stiff (∼10 kPa), then soft (∼2 kPa), rigidity [134] . Activation of the Yesassociated protein (YAP), transcriptional coactivator with the PDZ-binding domain (TAZ) and pre-osteogenic transcription factor RUNX2 in human mesenchymal stem cells (hMSCs) was found to depend on the duration of culture time on substrates of a particular stiffness (Fig. 6A) . After softening for 10 days, YAP and RUNX2 remained in the nucleus of those cells that had been conditioned on initially stiff, but photodegradable hydrogels for 10 additional days [135] . More interestingly, the mechanical pre-exposure of hMSCs to soft substrates did not prevent the nuclear translocation of YAP or RUNX2 when plated on stiff hydrogels, suggesting the presence of a mechanism for remembering past exposure to stiff, but not soft, environments. These results demonstrate a greater persistence of [134] . Mechanical memory in hMSC is revealed by using this substrate. Depending on the previous culture time (mechanical dosing) on stiff substrates, YAP/RUNX2 in the hMSCs on the soft substrates either translocate to the cytoplasm (short duration) or persist in the nucleus (long duration), which determines the differentiation outcome in response to mixed osteogenic/adipogenic media, as indicated by Oil-Red-O-stained lipid droplets (red) and ALP-stained cells (purple) [135] . (B) Hyaluronic acid-based stiffening hydrogel whose elasticity can be increased over time using a slow thiol-ene reaction. This temporal variation in elasticity is similar to that seen in chick myocardial development (left plot). In this example, the kinetics and ultimate moduli can be controlled by the molecular weight of the crosslinker (right plot) [144] . (C) Hyaluronic acid-based hydrogel stiffening through two-step crosslinking of addition reaction and radical polymerization. Rheology profiles (G', solid and G", open) showing hydrogel formation via addition reaction only (soft, red) and stiffened hydrogel, addition reaction followed by radical polymerization (soft to stiff, green). Fluorescent images of hMSCs cultured on MeHA substrates for 1 and 2 days with indicated substrate stiffnesses (soft, 3 kPa; stiff, 30 kPa; soft-to-stiff, 3-30 kPa). In situ stiffening of soft gels was performed at day 1 [147] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) YAP and RUNX2 activation in the presence of mechanical memory.
Emerging concepts are focused on hydrogels that respond to specific biological stimuli, or in other words, molecular-responsive systems. Various types of molecularresponsive hydrogels have been developed as soft, dynamic materials [136] [137] [138] . To create a dynamic cell culture platform in this regard, Lin et al. investigated the effects of dynamic stiffness in the microenvironment on neuronal responses. They used DNA-crosslinked PA hydrogels where DNA strands covalently attached to polymer chains, forming zips [139, 140] . Softening of these substrates was achieved when the complement strand was introduced to the hydrogel to displace the crosslinker DNA out of the gel network. As the substrates became softer, primary dendrite numbers decreased and axonal length increased markedly. These results indicate that neurons are capable of detecting alterations in the mechanical stiffness of their local microenvironment and respond to these alterations, as manifested by changes in neurite outgrowth. These substrates offer a unique opportunity for neural tissue engineering applications where promoting axonal regeneration and growth is desired.
In addition to dynamically-softening materials, current efforts have also targeted dynamically-stiffening materials, since recent studies suggest that changes in tissue stiffness are related to specific disease characteristics. For example, liver fibrosis as a result of chronic inflammatory reactions leads to the stiffening of liver tissue and may result in cirrhosis, portal hypertension, and hepatocellular carcinoma [46, 47, 141] . Recently, the effects of fibrosis progression on cellular behavior has been demonstrated by using dynamically-stiffening substrates [142] . The stiffening from 1.75 kPa (corresponding to the stiffness of healthy liver) to 33.0 kPa (corresponding to that of fibrotic liver) of methacrylated hyaluronic acid (HA)-based hydrogels in response to visible-light irradiation resulted in myofibroblast activation, which is a common feature of pathological fibrosis. They also revealed that the timing of substrate stiffening strongly influenced cell fate and delayed stiffening further promoted myofibroblast activation. In a different study using photodegradable PEG-based hydrogels, results showed that myofibroblasts could be deactivated by substrate softening [143] . These results strongly suggest that dynamically tunable cell culture platforms are of crucial importance for not only understanding the molecular mechanisms behind stiffness-mediated cellular processes, but also for potentially developing material-based treatment approaches for tissue fibrosis.
These substrate stiffening systems have also been applied to explore many other cellular functions in response to dynamic shifts in tissue moduli. For embryonic chicken hearts, maturation from mesoderm to adult myocardium results in a 9-fold stiffening that originates, in part, from a change in collagen expression and localization (Fig. 6B) . To mimic this temporal stiffness change in vitro, Young and Engler synthesized thiolated-hyaluronic acid (HA) hydrogels crosslinked with poly(ethylene glycol) diacrylate [144] . It was found that the HA hydrogels stiffened from 1.9 to 8.2 kPa over several days, with a time constant of 69.6 h post-polymerization due to a Michael-type addition reaction. When pre-cardiac cells were cultured on collagen-coated HA hydrogels for a period of 2 weeks, they exhibited a 3-fold increase in mature cardiac-specific markers and formed up to 60% more maturing muscle fibers compared to that of their growth on compliant, but static, polyacrylamide hydrogels. Jiang et al. also utilized the aforementioned DNA-crosslinked PA hydrogel system to investigate the effects of dynamic stiffening on fibroblast growth [145] . Two types of fibroblasts, L929 and GFP, were subjected to alterations in substrate rigidity. Unlike the substrate softening system based on the exchange reaction of the DNA chain [146] , substrate stiffness was increased by incorporating DNA strands into the DNA gel network, resulting in changes in crosslinking density. The range of mechanical stiffness achieved in the resulting gels was 5.9-22.9 kPa. Both cell types shared specific responses in common, but their projection areas and polarities responded differently. Guvendiren and Burdick developed a stiffening hydrogel system that provides fast dynamic changes, long-term stability, and structural uniformity [147] . By using a model system that permitted osteoblast and adipocyte differentiation in a bipotential media, they investigated the short-term (minutes-to-hours) and long-term (days-to-weeks) hMSC response to substrate stiffening from soft (∼3 kPa) to stiff (∼30 kPa) (Fig. 6C) . First, methacrylated HA was crosslinked with dithiothreitol via Michael-type reactions. The resulting hydrogel could be stiffened within minutes by radical polymerization of the remaining methacrylate groups. Therefore, this two-step crosslinking process enabled the dynamic stiffening of the substrate in a soft-to-stiff stiffness transition. Further, hMSCs were selectively differentiated based on temporal changes in substrate stiffness while in culture. For example, earlier stiffening favored osteogenic differentiation, whereas later stiffening favored adipogenic differentiation.
A dynamic cell culture platform with reversibly tunable stiffness opens up new ways to understand dynamic mechanobiology as well. Yoshikawa et al. reported that thin, micellar hydrogels based on ABA-type triblock copolymers composed of pH-sensitive poly(2-(diisopropylamino)ethyl methacrylate) as A blocks were capable of a 30-fold reversible modulation of Young's modulus during a modest pH change of 7.0-8.0 [148] . As hydrogel elasticity increased, cultured C2C12 mouse myoblasts became more flattened and increased formation of stress fibers. They also observed sharp, reversible transitions between a rounded and stretched morphology corresponding to the soft (1.4 kPa at pH 7.0) and stiff (40 kPa at pH 8.0) nature of the hydrogel, respectively. This suggests that the reversible tunability of the hydrogel allows for the dynamic modulation of cell-substrate contacts. Interestingly, this result was significantly different from that of a simulation based on a full dynamic model that predicted the rate-dependent hysteresis that would occur when cells are exposed to dynamic changes in substrate stiffness [149] . Recently, Rosales et al. developed a PEG-based hydrogel system in which matrix elasticity could be reversibly modulated with both UV and visible light due to the use of azobenzene incorporation into pep-tide crosslinkers [150] . Azobenzene is a photoisomer that does not require an additional initiator, and will transition from the trans to cis isomer with UV irradiation. Inducing this transition resulted in a change in gel structure and corresponding decrease in storage modulus, and reversing the transition with visible light then led to a restoration of the gel's modulus. While some thermal relaxation of azobenzene back to the more energetically stable trans state was found to occur even in the absence of light, this process was quite gradual, with relaxation reported to complete in 18 h at 37 • C after a 5 min exposure to UV.
Along with hydrogels, semicrystalline polymers have been used as a temperature-responsive softening substrate. Uto et al. recently developed a semicrystalline, polymer-based cell culture platform with dynamically tunable elasticity using temperature-responsive poly(-caprolactone) (PCL) films [151] . While the crosslinked films were relatively stiff (50 MPa) below their melting temperature (T m ), they quickly become soft (1 MPa) above T m (Fig. 7A) . Correspondingly, myoblasts cultured on the film became rounded as temperature suddenly increased above T m . On the other hand, significant changes in cell morphology were not observed in fibroblasts. These results indicate that while cells are capable of sensing dynamic changes in the surrounding environment, their sensitivity differs based on cell type. These temperature-responsive PCL films were also used to investigate how dynamic changes in substrate stiffness regulates the intracellular localization of YAP/TAZ in cardiac progenitor cells [152] . Following a substrate stiffness decrease, a significant decrease in the nuclear expression of YAP/TAZ could be detected after 90 min (Fig. 7B) . However, the percentage of nuclear YAPpositive cells returned to their original values after 180 min. This indicates that from a biological perspective, YAP/TAZ transcriptional coactivators act as intracellular, mechanical rheostats that mediate cellular response to dynamic changes in substrate stiffness. It also illustrates that cells are able to dynamically sense the mechanical properties of their surroundings, and can adapt to new environments in order to retain their original function and fate.
In this section, we discussed how dynamic cell culture platforms with tunable elasticities have gradually provided new insights that were difficult to obtain from traditional static systems and have enabled greater manipulation of cellular functions. Although our attention thus far has been directed only at two-dimensional culture systems, these types of platforms can also be extended to threedimensional systems, which will be discussed later in this review.
Dynamic biomaterials with switchable topography
In addition to matrix stiffness, topographical cues also play an integral role in influencing cell fate. Current efforts, however, are centered on static patterns. The scientific community has recently shown an increased interest in developing surfaces with tunable topographies. Lam et al. first developed a reconfigurable, microtopographical system customized for cell culture that consists of reversible wavy microfeatures on poly(dimethylsiloxane) (PDMS) [153] . The microfeatures were created by first oxidizing the PDMS substrate with plasma to create a brittle thin film before applying a compressive force on it. To return the substrate to a flat topography, the compression was simply removed. The average amplitude of the features created using this technique was approximately 670 nm. By reversibly generating and removing the microfeatures, C2C12 cells were able to align, unalign, and realign themselves repeatedly while being cultured on the same substrate. While the topography could be controlled reversibly with this platform, pattern complexity and versatility was relatively simple and limited. Guvendiren and Burdick expanded this idea by designing strain-responsive buckling patterns with more complex structures [154] . By combining ultraviolet/ozone (UVO) exposure to induce the formation of a thin oxide layer on PDMS and a systematic method of masking and substrate stretching, they were able to both spatially control pattern generation and pattern dimension. Additionally, the generated patterns could be reversibly removed, thereby demonstrating for the first time the ability to spatially control reversible cellular alignment. By disrupting the organization of cultured hMSCs, preferential cellular alignment was reversibly repeated for at least 8 cycles depending on the response of surface morphology to the mechanical stretching/releasing of the substrate (Fig. 8A) . They also presented a biaxial stretching system where cellular orientation angle and order were dynamically controlled. This technology is interesting as it further demonstrates a culture system with a degree of spatially-and dynamically-controlled structural complexity similar to that found in development in vivo.
Hydrogels can also be applied to the design of dynamic cell culture platforms with tunable surface topography. Kiang et al. demonstrated the effects of dynamic and reversible surface topographies on vascular smooth muscle cell (VSMCs) morphology [155] . They synthesized a soft (E ∼ 1 kPa) PA hydrogel with magnetic nickel microwires homogeneously distributed across the material's surface that were around 5 m in diameter and 20 m in length. By applying various magnetic fields to the hydrogel, reversible changes in surface roughness ranging from 0.05 to 0.70 mm were induced due to the movement of the microwires inside the gel (Fig. 8B) . Cultured VSMCs responded to the rapid and dynamic topographical changes; however, oscillating topography over a prolonged period did not produce significant changes in cell morphology. This result implies that there is a difference between an acute versus chronic cellular response to dynamic topographic changes. Alternatively, Kirschner and Anseth demonstrated real-time cell morphology control through the controlled erosion of a photolabile, PEG-based hydrogel system [156] . Photolithographic techniques were employed to generate dynamic topographies featuring variable dimensions (∼5-40 m) and aspect ratios of 1:1 to infinity. hMSCs were seeded onto initially smooth surfaces which were then patterned sequentially so that the microtopography underneath the cells were dynamically shifting over time (Fig. 8C) . During this process, it was found that cell morphology and alignment could be drastically altered to reflect changes in topographical cues. For example, when the presented pattern was comprised of anisotropic channels, there was an overall increase cell aspect ratio and alignment along the Representative images of hMSC morphology on sequentially-presented dynamic microtopographies. hMSCs were initially seeded onto smooth surfaces, which were in turn patterned using photolithography (365 nm, 10 mW/cm 2 , 250 s) into an anisotropic (∞:1) channel pattern and then an isotropic (1:1) square pattern. Cells exhibited a more rounded morphology on the smooth pattern, were elongated along the feature major axis on the channels, and returned to a more rounded morphology upon exposure to the isotropic squares topography [156] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) pattern. When the pattern was subsequently changed to a series of isotropic squares, the cells returned to a more rounded morphology similar to that seen when they were cultured on smooth substrates. Using this platform and technique, it would be possible to investigate the influence of dynamic changes on cellular anisotropy in hMSCs, and how these changes may affect eventual lineage determination in these cells.
Recently, dynamic regulation of cell morphology has been achieved by utilizing substrates comprised of shapememory polymers (SMPs), a class of "smart" materials which have the unique ability to recover their original shape upon exposure to specific external stimuli, and Davis et al. were one of the first to demonstrate this [157] . Specifically, they used the commercially available, non-cytotoxic polymer system known as Norland Optical Adhesive 63 (NOA-63), which is polyurethane-based and thiol-ene-crosslinked, as a dynamic cell culture substrate. They successfully embossed parallel microgrooves with an amplitude of 25.6 ± 0.8 m into the substrate, which were then "erased" by heating the substrate to the glass transition temperature (T g ) of approximately 30-37 • C. This transition from a microgrooved to smooth topography significantly changed the alignment and cytoskeletal organization of C3H/10T1/2 mouse embryonic fibroblasts, clearly demonstrating that SMP-based substrates potentially allow for a high degree of control over topographically-induced cellular behavior. To enable subcellular resolution control with SMP-mediated variable surface geometries, Le et al. developed thermally responsive PCL-SMP surfaces to dynamically probe cell-topography interactions [158] . Thermomechanical programming of this substrate was accomplished by casting a methacrylate end-functionalized PCL pre-polymer into a mold for the primary, or permanent, shape, and subsequent photocuring with diethoxyacetophenone. The substrate was then mechanically deformed at 130 • C with a mold for the secondary, or temporary, shape before being cooled to −78 • C. Afterwards, the substrate could then transition between the secondary and primary surface topographies by exposure to a 40 • C environment. In this study, hMSC morphology switched from being highly aligned to stellate-shaped in direct response to a topographical transformation from a 3 m × 5 m anisotropic groove array to a flat surface.
In a study that sought to dynamically control the alignment of NIH 3T3 fibroblasts, Ebara et al. utilized PCL-SMP substrates with which topographical changes could be induced in response to much narrower temperature variations, specifically between 32 • C and 37 • C [159] . They successfully demonstrated topography-dependent changes in cell orientation over time with a PCL-SMP substrate capable of a nanotopographical transition from a temporary pattern to an original and permanent pattern with heating. Substrates featured a grooved surface, with grooves 1 m in width, 300 nm in height and spaced 2 m apart, that could transition to a flat surface, and it was found that cells lost a significant degree of alignment posttransition (Fig. 9A) . They then utilized the same polymer to create substrates in which the direction of the grooves would abruptly transition orthogonally to the initial orientation [160] . When the topographical shift was induced, the aligned fibroblasts situated along the temporary pattern direction gradually re-aligned in a perpendicular direction. Eventually, 70% of the cells were aligned in the direction of the permanent pattern approximately 48 h after shape-memory transition. They have since focused on the interlude between topographic transitions and the corresponding cellular response on shape-memory surfaces [161] . A holographic microscope revealed that the application of heat to PCL-SMP induced a complete transition of the substrate's temporary surface pattern to the permanent pattern in as little as 30 s. However, it took more than 2 h for cells on a substrate with 500 nm grooves to rotate 90 degrees in orientation, and more than 8 h for cells on a substrate with 2000 nm grooves to do the same. The difference in alignment behavior can be explained by differences in adhesion strength and the reorganization of cytoskeletal proteins on nano-versus micropatterns. Given the selective intracellular localization of YAP/TAZ in response to stiffness changes as previously described in cardiac progenitor cells, it was posited that these proteins could also be sensitive to dynamic changes in surface nanotopography [152] . Mengsteab et al. recently reported that these PCL-SMP-based nanotopographic cues are capable of serving as instructive signals that dynamically regulate the structural and contractile properties of neonatal rat ventricular myocytes (NRVMs) into a well-defined anisotropic monolayer [162] . Indeed, the orthogonal transition of anisotropic nanogrooves could be used to directly manipulate the contractile direction of cardiac cell sheets (Fig. 9B) . Importantly, they found that the contractile direction of NRVM cell sheets was reorganized by the dynamic transition of their underlying nanotopography. This result suggests that not only can cardiac cellular function be dynamically manipulated, but surface topography can influence tissuelevel properties. Moreover, the dynamic modulation of rat bone marrow mesenchymal stem cell (rBMSC) differentiation using a dynamic microgroove surface made of a similar PCL SMP polymer has also been reported [163] .
The surface wrinkling of materials provides a simple and versatile approach to fabricate cell culture substrates with highly-ordered topographies to investigate cell mechanobiology, as discussed above, and shapememory phenomena have the potential to assist in the formation of these surface wrinkle structures [164, 165] . Yang et al. fabricated a coated SMP bilayer substrate platform that would be capable of forming micron and sub-micron-sized wrinkles under physiological conditions [166] . The substrate was created by first mixing tert-butyl acrylate (tBA) and butyl acrylate (BA) at varying weight percentages to tune the T g . Triethylene glycol dimethacrylate (TEGDMA) and a photoinitiator (2,2-dimethoxy-2-phenyl acetophenone; DMPA) were then added to the monomer mixture and UV-irradiated to induce crosslinking. A gold coating (33 nm in thickness) was then sputter-coated onto a SMP film that had pre-strained anisotropically (2-23%) and the entire bilayer substrate would then be cooled to allow for thermal recovery and compressive buckling (Fig. 9C) . The compressive buckling of the gold coating induced the formation of wrinkles ranging from 2-6 m in wavelength and 200-500 nm in amplitude. The response Fig. 9 . Shape memory polymer platforms with tunable topography. (A) Crosslinked PCL-based surface shape memory platform with erasable topography. Changes in topography of crosslinked PCL substrates as observed by atomic force microscopy (AFM) before and after shape-memory transition induced by a 37
• C heat treatment. Shape-memory transition from a temporary nanopattern to the permanent flat surface induced dynamic cell reorientation from being aligned to being randomly organized [159] . (B) Crosslinked PCL-based shape memory platform designed for cardiac cell culture with variable surface nanopattern orientation. Contraction analysis of cultured cardiac cell monolayer reorganization caused by an orthogonal shift in the orientation of nanogrooves. The kurtosis of contraction direction after shape transition decreases, and a 49 degree shift of the contraction angle peak is observed (kurtosis = 2.45, 0.31 before and after, respectively. *p < 0.001, n = 3, paired t-test) [162] . (C) Shape memory assisted dynamic microwrinkle display system. (top) Process for fabricating the wrinkled material. Stretching, gold coating, and relaxing the substrate to form wrinkles due to shape memory effect. (bottom) Cell morphology before and after wrinkling. Phalloidin (cytoskeleton) and DAPI (nuclear) stains were performed on cells seeded (before) at 30
• C for 5 h and (after) at 30
• C for 5 h followed by 37
• C for 24 h. Scale bar is 200 m. Cells show no orientation prior to wrinkle formation and subsequently align along the wrinkle direction after wrinkle formation is triggered [166] .
of human adipose-derived stem cells (hASCs) cultured on static pre-wrinkled static substrates that had been fabricated by varying the uniaxial pre-straining of the SMP substrates, were examined, revealing cell alignment along wrinkle direction. A similar hASC response was observed when cultured on actively wrinkling substrates. One advantage of a T g -based SMP system is that it can be used to study how dynamic topographical changes elicit transient effects in cells in real-time, and these platforms may serve as a feasible starting point for studying the kinetics of cellular responses to topographical changes.
A cell culture platform with tunable topography may be a potent tool for exploring cellular response to complex mechano-structural microenvironments and, in turn, advancing our understanding of dynamic mechanobiology. Additionally, these systems have been shown to regulate not only cellular alignment but cell function as well, as illustrated in the cases of cardiomyocyte contraction and stem cell differentiation, suggesting that such platforms could also be useful for tissue engineering and regenerative medicine applications.
Dynamic biomaterials with applicable force loads
External mechanical forces such as shear stress, the extension/contraction of blood vessels and lungs, and the beating of the heart influence functions on both the cellular and tissue level. Therefore, cell culture platforms with a force load application are crucial from a biomimetic standpoint [167] . So far, a wide variety of apparatuses have been developed to achieve the mechanical stimulation of cell and tissue cultures. These can generally be classified under the following types in the context of force loading modalities: longitudinal stretch [168] , bending [169] , out-of-plane substrate distention [170] , in-plane substrate distention [171, 172] , fluid shear stress [173, 174] , or combinations therein [175, 176] . Undoubtedly, rational material design is necessary to achieve dynamic mechanical stimulation of cells, and requires soft and flexible substrates like rubber, which are superior to stiff, brittle substrates like those in direct or remote actuation. Among numerous materials, polydimethylsiloxane (PDMS) has been widely used in this approach. It offers significant advantages as a cell culture substrate, including a high optical transparency and easy manipulation of stiffness and surface coating. Elastomers that include PDMS are able to deform their dimensions under applied forces. This mechanical deformation then becomes a trigger for the application of force loading against cells on the substrate. The fabrication of this device and its combination with loading apparatuses are essential in achieving a dynamic applicable force platform.
In vivo, endothelial cells (ECs) that cover the luminal surface of blood vessels are exposed to two major mechanical forces: fluidic shear stress, produced by blood circulation, and the periodic stretching and relaxing that occurs as a result of the diameter oscillations produced by blood pulsation [36] . As early reports suggest, a cyclic uniaxial stretch induces perpendicular orientation of the stress fibers, relative to the principal direction of the stretch, in the endothelial cells [177] . To further elucidate the molecular contribution of mechanical stress, Kaunas et al.
designed a system that is capable of producing a cyclic uniaxial stretch (Fig. 10A) [178] . An elastic silicone rubber membrane secured on a square frame was pushed up by an I-shaped teflon indenter that resulted in the principal stretch forces being applied along the long axis of the indenter. They demonstrated that in bovine aortic ECs, the activity of Rho pathways plays a critical role in determining the direction and extent of the uniaxial, stretch-induced stress fiber orientation. In conjunction with other results, these findings show that a cyclic mechanical stimulus not only influences microscopic cytoskeleton structure and macroscopic cell behavior (e.g., cellular alignment), but also contributes to molecular events and signaling [179] [180] [181] .
Mechanical stress exerted at cell-substrate and cell-cell interfacial boundaries is involved in the regulation of a variety of physiological processes. Microfabricated silicone elastomeric posts have been used to study cell adhesion [182] [183] [184] [185] and stem cell differentiation [186] [187] [188] . As the mechanical properties of the microposts can be manipulated by altering geometric variables such as their diameter and height, various mechanical environments for adhered cells can and have been created by changing these parameters while keeping material composition constant. These systems can be utilized to study cellular response to external forces, as well as forces cells apply to their environment. Sniadecki et al. designed microposts containing magnetic materials which acted not only as a sensor for cellular traction force, but also as a device for exerting forces onto cells (Fig. 10B) [189] . They constructed magnetic and nonmagnetic, PDMS-based post arrays with a diameter of 3 m, length of 10 m, and center-to-center spacing of 9 m. Magnetic cobalt nanowires with a diameter of 350 nm and length of 5-7 m were embedded in the elastomeric posts to endow the posts with magnetic properties. A step force applied by the magnetic micropost array led to an increase in local focal adhesion size at the site of application without increasing focal adhesion sizes at the sites of nearby nonmagnetic posts. This dynamic platform provided remarkable results showing how adaptive mechanical changes within the cells are potentially important to understanding the transduction of external forces into biochemical regulators of cell function. Furthermore, it underscores the need for deeper insight into the interactions between the cell's external and internal forces, which cannot be obtained from static micropost systems.
In conjunction with microelectromechanical system (MEMS) technology, microdevices containing microelectrode arrays have been developed for such applications as cell culture devices. While this type of system targets electroactive cells such as neurons and myocytes [190, 191] , it cannot be used with non-electroactive cells and therefore lacks versatility in this regard. However, magnetic actuation has the potential to be an alternative to electrical actuation. Mannix et al. focused on magnetic properties by developing a strategy to rapidly and reversibly control a wide range of transmembrane signal transduction pathways in a non-invasive manner using superparamagnetic nanoparticles (Fig. 10C) [192] . They first prepared 30-nm superparamagnetic nanoparticles modified with monovalent ligands, which included dinitrophenyl (DNP) antigens targeting FcεRI receptors that were located on the IgE [178] . (B) Magnetic post actuation device using electromagnets. Representative immunofluorescent micrograph of focal adhesions (green), microposts (red), and nucleus (blue) after force actuation. The direction and magnitude of the field are shown. The cell is outlined, and the location of the magnetic post is marked by the asterisk (*). FA proteins recruit to site of external force application [189] . (C) Nanomagnetic manipulation of receptor signal transduction. The biochemical mechanism that stimulates downstream signaling (left) involves the binding of multi-valent ligands (small green hexagons) that induce oligomerization of individual IgE/FceRI receptor complexes. Monovalent ligand-coated magnetic nanobeads (dark grey circles) bind individual IgE/Fc1RI receptor complexes without inducing receptor clustering (center). However, applying a magnetic field that magnetizes the beads and pulls them into tight clusters (right) rapidly switches on receptor oligomerization and calcium signaling. Fluorescence photographs: low (top; scale bar, 100 m) and high (bottom; scale bar, 10 m) magnification views of pseudocoloured microfluorimetric images showing repeated on-and off-switching of calcium signaling in groups of cells (top) and individual cells (bottom) that precisely coincide with activation and deactivation of the magnetic field, respectively [192] . (D) Schematic of a microfluidic "alveoli-on-a-chip" that incorporates cyclic propagation of a meniscus over a flexible, PDMS membrane to recreate combined stresses found in vivo, thereby providing a more physiologic recreation of the stresses occurring in a variety of surface tension diseases. Fluorescence photographs show an impact of mechanical stress type on A549 cell morphology. Low magnification fluorescent micrographs enable visualization of cell death (red stain) and cell detachment on a membrane-wide scale. Cell detachment is visible after as few as 10 cycles of stretch, and significant cell death begins as early as 20 cycles [200] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) expressed on mast (RBL-2H3) cells [193, 194] . The prepared nanoparticles then interacted with the cells by binding to their transmembrane receptors. Application of a magnetic field induced particle aggregation and subsequent receptor oligomerization, which in turn induced a physiological cellular output (i.e., calcium signaling in the mast cells). In this way, external magnetic input, in conjunction with the nanoparticles, acted as a dynamic nanomagnetic cellular switch. By combining surface functionalization with various electrochemical stimuli that have been developed so far, nanoscale magnetic actuation mechanisms and spatiotemporal controllability are broadly relevant to a vast array of cell types and receptor systems. Moreover, nanoscale size scales are crucial because this trait makes it possible to manipulate individual receptors in contrast to the activity of microscale magnetic particles on baseline receptors [195, 196] . The ability to apply controlled forces to the cell membrane can help researchers elucidate signal transduction mechanisms and pathways that are activated by dynamic physical stimuli.
The 'organ-on-a-chip' concept encompasses a microfluidic cell culture device created with microchip manufacturing methods that contains continuously perfused chambers inhabited by living cells and arranged to simulate tissue-and organ-level physiology [197] [198] [199] . Undoubtedly, organ-on-a-chip technology has a high impact on the development of dynamic cell culture platforms in light of its ability to recapitulate native tissue architectures, interfaces and functionality in the presence of vascular-like perfusion. Relevant studies are useful to the areas of drug screening and regenerative medicine research, as well as mechanobiology. In particular, elastomeric, PDMS-based devices in which cultured cells are mechanically loaded can achieve much greater complexity in recapitulating tissue or organ geometry and function. Ventilator-induced lung injury (VILI) results from a combination of solid mechanical stresses, which occur as alveolar epithelial cells cyclically stretch and relax, and fluid mechanical stresses, which occur as an air-liquid interface propagates over airway and alveolar epithelial cells. It is related to a variety of surface tension-related diseases including acute respiratory distress syndrome (ARDS) and neonatal respiratory distress syndrome (NRDS) [200] . Based on this knowledge, Douville et al. designed a new alveoli-on-a-chip system that provides a physiologic model of the stresses contributing to the occurrence of VILI. Although alveolar models had previously been presented [201] [202] [203] , this new system showed a cyclic propagation of a meniscus over a flexible and stretchable PDMS membrane to recreate combined stresses within the device (Fig. 10D) . Cell populations that experienced a combination of solid and fluid mechanical stresses demonstrated significantly increased cell detachment and death compared to those experiencing a solid stretch with minimal or non-existent fluid stresses. This study offers the first in vitro technique to systematically study complex mechanical stimuli like those found inside the body, highlighting the important role that both solid and fluid mechanical stresses play in disease pathophysiology and progression.
As discussed above, dynamic cell culture platforms that feature applicable force load are typically constructed with simple materials such as elastomeric material or nanoparticles. However, its combination with MEMS and functionalization technology allows for much more complex mechanical environments and cellular manipulation. Additionally, various 'organ-on-a-chip' models have been established. The simultaneous stimulation of solid and fluid mechanical stresses in these platforms better mimics tissue-or organ-specific environments, and provides greater knowledge of dynamic mechanobiology.
Toward fourth dimensional biomaterials
Thus far, we have primarily focused on various twodimensional (2D) dynamic cell culture platforms where a given substrate has established contact and interacted with the basal surfaces of cells. However, the cellular microenvironments provided by 2D systems are quite different from those in vivo, where cells are surrounded on all sides by other cells and by ECM, and understanding the differences in biological response to these environments is crucial to the design and engineering of novel culture platforms and materials. Petersen et al. examined the significant differences in cellular morphology that occur when normal and malignant human breast epithelial cells are cultured in 2D and 3D. In this seminal study, reconstituted basement membrane material derived from Engelbreth-Holm-Awarm (EHS) mouse tumors (also known as Matrigel) was used as the 3D cell culture matrix [204] . Normal breast epithelial cells embedded in Matrigel differentiated into polarized multicellular spherical colonies similar to acini found in vivo. Interestingly, in 3D matrices, it was generally observed that the loss of epithelial cell polarity was associated with tumor progression [205] . The mechanism behind these differences in cell shape determination and structural organization is hypothesized to be associated with how cell surface integrins interact with their surroundings in 2D and 3D [206] . For example, in 3D conditions, ␣ 6 ␤ 4 -integrins play an important role in maintaining acinar polarity, while ␤ 1 -integrin activity stimulates loss of polarity associated with tumor progression [205] . In addition to mediating cell adhesion events, down-stream signaling as a result of specific integrin interactions in 3D environments can lead to an in vivo-like regulation of cellular function and fate. It has also been proposed that epithelial morphogenesis is driven by the pursuit of maintaining apical, lateral, and basal surfaces that in 2D leads to the formation of simple monolayers, but in 3D leads to the formation of luminal structures [207] . Additionally, epithelial cysts exhibit physiologically-relevant responses to growth factors in 3D as evidenced by the induction of tubular growth when exposed to hepatocyte growth factor (HGF).
Other significant differences have been found when comparing 2D and 3D cell culture systems in terms of cell adhesion and migration [208] , gene expression [209] , morphogenesis [207] , and tumorigenesis [206, 210] . With this knowledge, researchers have set out to design a variety of 3D matrices using either biological or synthetic materials, and it has been observed that cells indeed behave more physiologically when cultured in these 3D environments [35, 58, [211] [212] [213] . Therefore, applying chemistries and system designs for dynamic cell culture platforms in 3D cellular matrices could be done to enable the regulation and study of dynamic cellular response phenomena under more physiologically-relevant conditions. Consequently, the development of 3D dynamic cell culture platforms that mimic the functions of human tissues and organs, known as in vitro 4D biology, is presently significantly attractive to the field [20] .
Kloxin et al. demonstrated that 3D cell-material interactions could be dynamically and externally directed by photodegradable hydrogels [214] . Acrylated nitrobenzyl ether-derived moieties that are susceptible to twophoton photolysis are combined with PEG to create the photolytically degradable hydrogels whose mechanical and biochemical properties could be precisely and spatiotemporally modulated with light. They successfully demonstrated the ability to pattern the hydrogels in both 2D and 3D using masked flood irradiation and two-photon laser scanning microscopy, respectively. Additionally, the morphology of encapsulated of hMSCs could be dynamically regulated through changes in the gel's crosslinking density due to the photodegradation of polymer networks (Fig. 11A ). Using this photodegradable hydrogel system, it was shown that the time-dependent presentation of the integrin-specific ligand RGDS significantly enhanced the differentiation of hMSCs into chondrocytes compared to hMSCs cultured with persistent RGDS signaling. Thus, both mechanical and biochemical cues within this hydrogel platform could be dynamically manipulated with photoirradiation, although these cues were only tuned independently of one another in this study. They also further developed a dynamic platform that can manipulate the geometry and connectivity of the 3D cell culture hydrogel using similar chemistry [215] . Stowers et al. recently reported a near-infrared (NIR) light-triggered mechanism to increase or decrease the stiffness of 3D hydrogels in a spatiotemporal manner [216] . Alginate was selected as the base component of this platform due to its ability to crosslink in the presence of divalent cations such as calcium. Thus, temporal modulation of gel stiffness could be achieved through the controlled introduction of calcium or calcium chelators, and in this case, thermo-responsive liposomes containing gold nanorods and calcium were used for this purpose. Upon irradiation with NIR light, the lipid bilayer of the liposomes were heated above its transition temperature and the encapsulated calcium or calcium chelator (diethylenetriaminepentaacetic acid; DTPA) could be released, leading to a corresponding increase or decrease in alginate cross-linking density. NIR light gradients were capable of patterning regions of varying gel stiffnesses in vitro, and using mice, they demonstrated dynamic regulation of fibroblast morphology in vivo through local transdermal irradiation.
In addition to light-modulated platforms, enzymatically degradable systems for triggering the induction of dynamic environmental changes in 3D have also been developed. Salinas and Anseth reported on the enhancement of chondrogenic differentiation of hMSCs encapsulated in PEG gels through enzyme-triggered release of RGD [217] . In this work, a peptide sequence containing the major cleavage sites for matrix metalloproteinase-13 (MMP-13) found on aggrecan was covalently bound to PEG such that RGD groups would become available as encapsulated hMSCs began the chondrogenesis process. After 21 days of culture, hMSCs in cleavable RGD gels produced 10 times more glycosaminoglycan (GAG) than those seeded in gels with uncleavable RGD. Although no direct comparison was made in this study between cells cultured in this enzymatically degradable PEG platform and those cultured in gels with persistent RGD signaling, prior studies have found overstimulation of hMSCs with RGD to be detrimental to chondrogenesis. Khetan et al. found that hMSC differentiation could also be directed by degradation-mediated cellular traction in HA hydrogels that used enzymatically cleavable crosslinks [218] . HA was functionalized with both methacrylate and maleimide groups and was then formed into gels using Michael-type reactions between the maleimides and thiols on bi-functional, MMP-degradable peptides. Finally, the gel was incubated with a photoinitiator and exposed to UV light to initiate the free-radical photopolymerization of the methacrylates. In gels without UV, hMSCs spread, deformed the surrounding matrix, and primarily underwent osteogenesis. Cells within a UVirradiated gel, however, underwent adipogenesis (Fig. 11B ). More interestingly, while delayed crosslinking by UV light did not affect cell morphology inside gel, it significantly increased the level of adipogenesis relative to osteogenesis. Therefore, they demonstrated that regardless of their morphology, hMSCs' ability to degrade and interact with this type of gel during differentiation can ultimately dictate cellular fate.
Cell migration plays an essential role in a wide spectrum of biological processes, including embryogenesis, tissue generation, wound healing and cancer metastasis [219, 220] . In terms of cell migration behavior, cells from various tissues respond differently based on a diverse array of factors, such as gradients of electrical fields (electrotaxis) [221] , light intensity (phototaxis) [222] , gravitational potential (geotaxis) [223] and dissolved (chemotaxis) or surface-immobilized (haptotaxis) chemicals [224] [225] [226] . In addition to physicochemical or biochemical cues, substrate rigidity (durotaxsis or mechanotaxis) and topography (topotaxis) also influence cell migration [11, [130] [131] [132] 227] . These findings have mainly been derived from 2D systems of cellular migration on a substrate surface, whereas 3D regulation of cell migration is a major challenge. However, DeForest et al. successfully created a 3D system that allowed for the dynamic spatiotemporal regulation of biochemical and mechano-structural cues that influence cell migration [228, 229] . They designed PEG-based clickfunctionalized hydrogels that allow for the photocleavage of crosslinks (mechano-structural cues) and photoconjugation of pendant functionalities (biochemical cues) (Fig. 11C) . The hydrogel polymer backbone was formed by means of a copper-free alkyne-azide reaction. With visible light irradiation, thiol-containing biomolecules could be covalently bonded to vinyl functionalities in the hydrogel using thiol-ene reactions. In the presence of UV light, however, nitrobenzyl ether moieties are cleaved, resulted in the photodegradation of the network. Both photocleavage and photoconjugation reactions could be used to orthogonally, or independently, regulate the mechanical (left) Gel degradation was modulated by either continuous or periodic irradiation with 365 nm light at 10 mW/cm 2 . hMSCs encapsulated within dense hydrogels exhibit a rounded morphology (right upper), while those seeded within degraded hydrogels exhibit a spreading morphology (right bottom). Scale bar, 50 m [214] . (B) Sequentially crosslinkable and proteolytic degradable HA-based hydrogels. Schematic of delayed UV exposure following 7 days culture of hMSCs within gels. Representative TFM image of a single hMSC within MeMaHA hydrogels following D7 UV exposure and an additional 14 days mixed-media incubation. Differentiation of hMSCs within D7 UV hydrogels following 14 days mixed-media incubation changed dramatically compared to those not exposed to UV [218] . (C) Cytocompatible click-based PEG hydrogels with biochemical and biophysical properties tunable through orthogonal photoconjugation and photocleavage reactions. A fibrin clot containing 3T3 fibroblasts was encapsulated within the click hydrogel formulation. Chemical channels of RGD, a cell-adhesive fibronectin motif, as well as physical channels of user-defined shape were created radially out of the roughly spherical clot. The combination of having a physical space to spread into, as well as chemical moieties to bind to, was required for collective cell migration [228] . (D) PEG-based hydrogel with the capability for the photoreversible patterning of biochemical cues. (top) Schematic of the photoreversible patterning strategy, in which protein tethering is achieved within the hydrogels through photomediated oxime ligation and subsequently removed on further light exposure. (bottom left) Dual-protein spatial patterning (green-and red-labeled BSA) imaged by fluorescence confocal microscopy. Scale bars, 50 m. (bottom right) Reversible differentiation of hMSCs to osteoblasts in a spatially-defined manner. For hydrogels containing patterned vitronectin (VTN), osteocalcin-positive staining was confined to VTN-functionalized portions of the material (indicated by dashed rectangles). On patterned removal of the adhesive protein, staining for osteocalcin was observed only in VTN islands. Scale bar, 200 m [233] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and biochemical properties of the hydrogels. This system allowed for real-time manipulation of cell function within a simplified synthetic microenvironment, and the successful on-demand regulation of 3T3 fibroblast migration and outgrowth behavior within the hydrogel was demonstrated via three-dimensional functionalized channels. Moreover, these studies also illustrate the ability of such click-based chemistries to spatiotemporally define microenvironmental niches that could potentially recapitulate those found in vivo.
Collectively, these studies are representative of the emerging field of 4D cellular biology, and other promising approaches have been utilized to control various cellular functions in a dynamic and spatially-defined manner [230, 231] . However, these systems lack the capability to introduce and subsequently remove biochemical cues, or in other words, to be reversible. Such platforms would allow for the dynamic presentation of signaling biomolecules often found in in vivo cellular environments. DeForest and Anseth first demonstrated that the combination of two orthogonal, biocompatible photoreactions based on the combination of the two shown in Fig. 11C enables the reversible spatial presentation of biological cues [228, 232] . Biomolecules were synthesized to contain both a thiol group for photocoupling and onitrobenzyl for photocleavage such that the respective light-mediated chemistries could be utilized to attach and remove the biomolecule from the hydrogel network ondemand. They successfully demonstrated spatiotemporal regulation of the reversible presentation of biochemical cues, as well as selective attachment and detachment of NIH 3T3 fibroblasts on the surface of these hydrogels. In addition, DeForest and Tirrell proposed a new strategy in which the presentation of functional proteins could be reversibly patterned within a 3D space by combining three bio-orthogonal chemistries [233] . Specifically, they utilized strain-promoted azide-alkyne cycloaddition, photodeprotection of oxime-ligation groups, and photoscission of o-nitrobenzyl ester moieties for gel crosslinking, protein tethering, and protein removal, respectively. Introduction and subsequent removal of biochemical cues in a spatially-defined manner was first demonstrated with aldehyde-functionalized proteins (Fig. 11D) . Not only were specific regions of protein introduction achieved, but concentration gradients could also be produced based on a dose-dependent response to light irradiation. Furthermore, since the chemistries used for protein tethering and excision can be done using the same light source, intricate patterns comprised of multiple proteins can be created in 3D space. Interestingly, when vitronectin was selected as a protein to dynamically control the adhesion and subsequent osteogenesis of hMSCs in a PEG-based network, it was found that reversible differentiation in a user-directed and spatially-controlled manner could be accomplished. Therefore, this approach may prove useful in expanding our understanding of how cells respond to transient extracellular biochemical cues, as well serve as an intriguing new scaffold design for tissue engineering and regenerative medicine applications.
Conclusion and future perspectives
Although our understanding of the role of biochemical, physicochemical, and mechano-structural cues in the cellular microenvironment has constantly improved, much of the findings have been rooted in static biology thus far. Few examples exist of systems in which those cues are dynamically controlled. In this review, we highlighted recent advances in the design of dynamic cell culture platforms where the biochemical, physicochemical, and mechanostructural properties of matrices were modulated over time in a user-defined manner to better recapitulate in vivo cellular environments. In this regard, stimuli-responsive cell culture platforms are becoming one of the most powerful tools available for leading a new generation of dynamic systems capable of responding to external stimuli with temporal and spatial precision. Various stimuli, including temperature, light, magnetic fields, electrical potential, environmental pH, mechanical force and enzymes have been used as triggers to induce dynamic changes in material properties or cell surroundings such as surface physicochemical properties (e.g., surface energy such as hydrophilicity/hydrophobicity), mechanical properties (e.g., elasticity) and topography. With the incorporation of MEMS technology, dynamic cell culture systems that can apply forces against cells have also been developed. Collectively, these platforms address a major biological question of how cell function and fate are influenced by continual changes in cellular niches. The field is rapidly evolving, and studies of cellular interactions within 2D flat biology, 3D complex biology, and 4D real biology have been conducted in order to elucidate cellular behavior from a single-cell to tissue and organ level. Moreover, these dynamic cell culture platforms, which have the ability to incorporate a wide range of biologically-relevant molecules, could potentially provide useful therapeutic benefits due to the fact that, to date, it has been difficult to produce highly-organized constructs with tunable properties in non-synthetic biomaterials.
However, there are many challenges yet to overcome in developing 4D real biology and realizing its clinical applications from a materials standpoint. In particular, the concept of 'reversibility' in dynamic changes is a novel idea for recapitulating cellular environments within the human body and is one of the most interesting ways to mimic in vivo activity a synthetic environment. Nevertheless, this type of system is quite simplified compared to those inside our body. Additionally, while we know that physicochemical, biochemical, and mechano-structural cues jointly influence cells to decide their function and fate, there are few examples that showcase the controlled, simultaneous regulation of these cues within a single material. The integration between artificial, dynamic 3D matrices and other functional materials (i.e., a multi-materials-combined system), as well as its combination with MEMS technology, may open up a new way to address 4D real biology. Thus, moving forward, new developments in the independent, dynamic regulation of multiple parameters across tissue formation will be essential. Materials will be designed with spatial heterogeneity and hierarchy to replicate properties in native tissue structures. Since it is an ongoing challenge to control stem cell differentiation, novel strategies for designing new materials or dynamic cell culture platforms will facilitate the development of new classes of biomaterials that have the capacity to contribute to our basic understanding of cell and developmental biology, as well as tissue engineering and regenerative medicine.
